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Aharonov–Bohm conductance oscillations emerge as a result of gapless surface states in
topological insulator nanowires. This quantum interference accompanies a change in the
number of transverse one-dimensional modes in transport, and the density of states of such
nanowires is also expected to show Aharonov–Bohm oscillations. Here, we demonstrate a
novel characterization of topological phase in Bi2Se3 nanowire via nanomechanical resonance
measurements. The nanowire is conﬁgured as an electromechanical resonator such that its
mechanical vibration is associated with its quantum capacitance. In this way, the number of
one-dimensional transverse modes is reﬂected in the resonant frequency, thereby revealing
Aharonov–Bohm oscillations. Simultaneous measurements of DC conductance and
mechanical resonant frequency shifts show the expected oscillations, and our model based
on the gapless Dirac fermion with impurity scattering explains the observed quantum
oscillations successfully. Our results suggest that the nanomechanical technique would be
applicable to a variety of Dirac materials.
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The discovery of two-dimensional (2D) gapless Dirac fer-mions in graphene1 and topological insulators (TI)2 hassparked extensive ongoing research toward applications of
their unique electronic properties3–6. The gapless surface states in
three-dimensional (3D) insulators indicate a distinct topological
phase of matter characterized by a non-trivial Z2 invariant6,7 with
time reversal symmetry that can be veriﬁed by angle-resolved
photoemission spectroscopy2,8,9 or magnetoresistance quantum
oscillation10,11. In TI nanowires, the gapless surface states exhibit
Aharonov–Bohm (AB) oscillations in conductance due to a
change in the number of transverse one-dimensional (1D) modes
in transport12–15. Thus, the density of states (DOS) of such
nanowires is expected to show AB oscillation as well; however,
magneto-oscillation of the DOS, which reﬂects the contribution
of the topological surface states of TI nanowire, has yet to be
observed.
Here, we adopt nanomechanical measurements16–19 that reveal
AB oscillations in the DOS of a topological insulator. The TI
nanowire under study is an electromechanical resonator embed-
ded in an electrical circuit, which couples mechanical resonance
to the quantum capacitance originating from the ﬁnite DOS of
the nanowire’s surface states. The quantum capacitance effects
from DOS oscillation modulate the circuit capacitance, thereby
altering the spring constant to generate mechanical resonant
frequency shifts. The resonant frequency of nanomechanical
motion carries the signal that shows AB oscillations correlated to
the conductance modulation, suggesting the application of our
novel sensing scheme to studies of various topological materials
with Dirac electronic structures. Detection of the quantum
capacitance effects from surface-state DOS is facilitated by the
small effective capacitances20 and high quality factors21,22 of
nanomechanical resonators, and as such the present technique
could be extended to study diverse quantum materials at
nanoscale.
Results
Nanomechanical resonance and quantum capacitance. We
design our device to measure the fundamental mode frequency of
ﬂexural vibration in a suspended TI nanowire fabricated with
single-crystalline Bi2Se3 (Fig. 1a). The mechanical motion of the
nanowire changes the electrostatic energy stored in a circuit, from
which shifts in resonant frequency can be computed. In the cir-
cuit in Fig. 1b, as DC gate voltage Vg is introduced, charges are
induced to compensate for the potential difference between the
gate and nanowire. At the same time, nanowire chemical
potential μ is changed by induced charge Q as
Vg ¼
Q
CG
þ μ μ0
e
; ð1Þ
where CG is the geometric capacitance between the nanowire and
gate electrode, μ0 is the intrinsic chemical potential of a nanowire
with Vg= 0, and e is the elementary charge. In addition to Vg, a
radio-frequency (RF) voltage VRF is applied to induce nanowire
vibration, a motion that modiﬁes CG followed by the modulation
of Q and μ according to Eq. (1). The amplitude of charge mod-
ulation measured as VOUT is maximized when VRF meets the
mechanical resonant frequency20. In this way, we trace the
mechanical resonant frequency by sweeping the gate voltage Vg
(Fig. 1c) or magnetic ﬁeld B. Note that the mechanical vibration
(~100MHz) is much slower than the typical time scales of elec-
tron dynamics considered here (relaxation time ~1 ps, see Sup-
plementary Note 1), and thus we assume the electrostatic
equation to hold throughout.
If the density of states is inﬁnite as in metals, chemical
potential remains at μ0 regardless of Q. With the ﬁnite DOS of TI
nanowires, however, change in gate voltage is divided into the
potential difference between gate and wire and the change in
chemical potential, as
δVg ¼
δQ
CG
þ δμ
e
¼ δQ 1
CG
þ 1
e2Lν
 
; ð2Þ
where ν ¼ δ QLe
 
=δμ is the number of electronic states per unit
length per unit energy, and L is wire length. From this relation,
we introduce quantum capacitance to account for the potential
difference made internally by the induced charge16, CQ ¼ e2Lν.
In our experiments, we estimate that quantum capacitance
dominates geometric capacitance (CQ=CG  103, see Supplemen-
tary Note 2 and Note 3), and thus the ﬁrst term in Eq. (2)
accounts for the majority of gate voltage change. However, AB
oscillation in the mechanical resonant frequency turns out to
originate mostly from the second term related to the DOS in our
experiment.
The DOS and resonant frequency shift. When a magnetic ﬂux
(Φ) is applied along the nanowire axis, 1D sub-band energy is
described by12,15
ε n; k;Φð Þ ¼ ± hvF
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2 þ ðnþ 1=2Φ=Φ0Þ
2
R2
s
; ð3Þ
where n is the sub-band index, k is a 1D wave number along the
nanowire direction, h is Planck’s constant (h ¼ h2π), vF is the
Fermi velocity23 (≈5 × 105 m/s for Bi2Se3), R is nanowire radius,
and Φ0 is the ﬂux quantum (=h/e). In cylindrical geometry, a
gapless Dirac fermion picks up the Berry phase of π by encircling
the perimeter, and a gapless 1D mode appears when an external
magnetic ﬁeld supplies an additional AB phase π. As an example,
we draw the band dispersion of 1D modes for Φ= 0 and Φ=Φ0/
2 in Fig. 1d; appearance of the 1D gapless mode is followed by an
energy shift of neighboring transverse modes, thus also changing
conductance G at a ﬁnite energy (Fig. 1e).
The appearance of the gapless mode also affects the DOS
(Fig. 1f), with related quantum capacitance effects resulting in
mechanical resonant frequency shifts that can be obtained by
taking the variation of electrostatic energy (Fig. 1g–h). Induced
charge Q is computed by integrating the DOS from the initial
chemical potential μ0 to μ, as Q ¼ Le R μμ0 ν Eð ÞdE;where the sign
of Q is negative for μ < μ0 (or Vg < 0). With mechanical
vibration, change in electrostatic energy for a ﬁxed gate voltage
reads
δUec ¼ δ
Q2
2CG
 
 VgδQþ δ Q
μ μ0
e
 
; ð4Þ
where the ﬁrst, second, and third terms are from the energy
stored in the geometric capacitance, work done to the Vg
source, and quantum capacitance charging energy, respectively.
By taking the second derivative of Uec with respect to nanowire
displacement x, we obtain the change in spring constant due to
electrostatic energy by
k k0  
1
2
C

G
C2G
 !
Q2 þ e
2
_CG
CG
 2
∂
∂μ
1
C2Q
 !
Q3 ¼ kI þ kII;
ð5Þ
where the dots indicate derivatives with respect to x, k0 is the
bare effective spring constant of the mechanical resonator, and
CG≪ CQ is assumed (Supplementary Note 4). We are mainly
interested in the modulation of resonant frequency with respect
to magnetic ﬁeld: ΔkI;II ¼ kI;II  hkI;IIiB where h¼ iB refers to
the averaged value over the magnetic ﬁeld at a given Vg.
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Mechanical resonant frequency shifts corresponding to ΔkI,II are
given by ΔfI;II ¼ ΔkI;II2hkiB
 
 hf iB. In Eq. (5), kI is easily understood
as the gate capacitance effect24 with a correction for induced
charge due to the magnetic ﬂux and chemical potential.
Otherwise, the second term kII indicates a novel effect
particularly important to our 1D TI system, as it contains a
derivative of the DOS (or quantum capacitance) with respect to
chemical potential, as well as the third-order power of induced
charge. Considering that Q is negative (i.e., Vg < 0, where our
extensive measurements are conducted), the DOS derivative in
ΔkII makes an important contribution (Fig. 1h): as the chemical
potential approaches the Dirac point where the DOS proﬁle gets
sharper with less scattering, ΔfII grows signiﬁcantly faster than
ΔfI. Accordingly, at higher energies with larger DOS, ΔkI
dominates.
AB oscillations in the conductance. We ﬁrst characterize the AB
conductance oscillation12–15 in our TI nanowire by measuring
conductance at various magnetic ﬂuxes and gate voltages
(Fig. 2a). As indicated in the fast Fourier transformation (FFT,
Fig. 2a, inset), the magneto-conductance ΔG oscillates with a
period of ΔB= 0.4 T, which is consistent with the expected per-
iod, Φ0S = 0.37 T with nanowire cross-section area S (Supple-
mentary Note 5). There is only a small fraction of
Altshuler–Aronov–Spivak oscillation with Φ02 period, indicating
that the nature of transport is close to ballistic, rather than dif-
fusive; the fact that AB oscillation amplitude is smaller than the
conductance unit could originate from the presence of incoherent
scatterings15,25. Note that the pronounced peak at B= 0 is the
signature of weak anti-localization13,26. Conductance modulation
occurs with gate voltages as well, and correlation between two
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Fig. 1 Device conﬁguration and expected Aharonov–Bohm (AB) oscillations in conductance and mechanical resonant frequency. a Scanning electron
microscope (SEM) image of the Bi2Se3 nanowire mechanical resonator. Electrical conductance is measured by comparing drain current (ID) and source-
drain voltage (VSD). DC and radio-frequency (RF) voltages (Vg and VRF respectively) are applied to the gate electrode, with RF voltage at the drain electrode
ampliﬁed and recorded (VOUT) to actuate and detect mechanical resonance. A magnetic ﬁeld (B) is applied parallel to the nanowire axis to study AB
oscillation due to TI surface states. b The equivalent circuit for RF frequency involves mechanically compliant geometric capacitance (CG) and quantum
capacitance (CQ) of the nanowire. c, Colourmap of VOUT for a range of Vg. The parabolic shift in resonance is due to the effective spring constant change
dominated by CG. Inset: Example of mechanical resonance with a resonant frequency of 115.09MHz and quality factor of 1.2 × 104 at Vg=−28.0 V. The
solid red line is a Lorentzian ﬁt. d Energy dispersion of surface states in a TI nanowire when magnetic ﬂux Φ is zero or Φ0/2 where Φ0 is the ﬂux quantum
(=h/e). Red lines indicate the non-degenerate gapless mode. e, f Expected conductance (G) (e) and density of states (DOS) (f) of the surface states as a
function of chemical potential μ in units of 1D sub-band gap Δ, when the magnetic ﬂux is zero (black) or Φ0/2 (red). g, h Mechanical resonant frequency
shifts (Δf0=ΔfI+ΔfII) as a result of DOS oscillation via quantum capacitance effects. The resonant frequency shift is calculated from Eq. (5) considering
DOS oscillation in (f), and its two terms ΔfI (g) and ΔfII (h) are proportional to Q2 and Q3, respectively
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conductance traces at Φ= 1.5 Φ0 and 2 Φ0 is out of phase, as
expected from TI surface states (Fig. 2b)12–14. The periodicity
estimated from the FFT (Fig. 2b, inset) is ΔVg ≈ 5.7 V, which
corresponds to the level spacing between neighboring transverse
modes Δ ¼ hvFR ﬃ 4:7 meV. In Fig. 2c, the total conductance dif-
ference between Vg=−32 V and −20 V, corresponding to a
chemical potential difference of 2 Δ, is ~2.5 (e2/h). Thus, we
estimate that the chemical potential is near μ ≈ 24 Δ when total
conductance G ≈ 30 (e2/h), indicating that our experiments are
executed far away from the conduction band edge (~50 Δ)9,23,
and so bulk-state contributions are not considered in our analysis.
AB oscillations in the mechanical resonant frequency. The 1D
sub-band model of a topological insulator nanowire predicts
periodic oscillations of quantum capacitance and conductance
with respect to both Fermi energy and Aharonov–Bohm phase. In
our device structure, the strong electro-mechanical coupling
converts the quantum capacitance oscillation into mechanical
resonance shifts; measurements of mechanical resonance and
conductance conﬁrm these effects of the surface states in the
Bi2Se3 nanowire. We provide a comprehensive experimental and
numerical presentation of the mechanical resonant frequency
shift in Fig. 3. The AB oscillations of resonant frequency at dif-
ferent gate voltages are shown in Fig. 3a: as the chemical potential
approaches the Dirac point from Vg=−18.8 V to −31.2 V, an
increase in oscillation amplitude is noticeable, as expected from
Fig. 1h. The FFT (Fig. 3a, inset) clearly shows that the period of
resonant frequency oscillation equals that of conductance, ΔB=
0.4 T. A phase alternation of resonant frequency oscillation takes
place with gate voltages as well. The mechanical resonant fre-
quency shift vs. Vg curves (Fig. 3c) for integer and half-integer
ﬂux quanta also exhibit an out-of-phase relation with each other,
and their oscillation period ΔVg ≈ 5.7 V (Fig. 3c, inset) agrees well
with conductance oscillation data. We numerically compute the
shift of resonant frequency for an extended energy window in
Fig. 3b. For the modulation of mechanical resonant frequency
shift, we employ a quasi-1D model of a Dirac fermion with
complete eigenenergy information for a given magnetic ﬂux from
Eq. (3). We ﬁrst obtain the DOS from the Green’s function and
then compute the shift of resonant frequency according to Eq. (5).
A scattering time of τ= 0.7 ps in the DOS computation is found
to explain our data most satisfactorily. We observe a qualitative
change in the oscillation pattern from a checkerboard-like shape
for μ > 25 Δ where ΔkI in Eq. (5) is larger, to a diamond-like
shape for μ < 25 Δ where ΔkII begins to dominate. This crossover
must take place at a certain energy in the measurement of 2D
Dirac fermions as the chemical potential approaches the Dirac
point, where the quantum capacitance holds the majority of
potential difference (Eq. (2)). Not only does the overall shape of
the pattern change, but the relative correlation with respect to
conductance modulation reverses; for example, note the location
of peaks and dips at Φ= 0 along the energy. From total con-
ductance measurements, we estimate the chemical potential to be
~24 Δ, which is near the crossover energy. In the chemical
potential range μ ≅ 23 Δ to 25 Δ, further comparisons between
experiment and theory along magnetic ﬂux conﬁrms the validity
of our analysis (Fig. 3e–h).
Discussion
The characterization of various topological phases of matter is at
the cutting edge of experimental condensed matter physics. We
employ nanomechanical resonance measurements to characterize
the topological phase of a Bi2Se3 nanowire through AB-type
oscillation. The mechanical resonant frequency of the TI nano-
wire reveals its density of states via quantum capacitance effects,
with a DOS-derivative over energy identiﬁed to dominate the
shifts in resonant frequency. Aided by the simultaneous mea-
surements of resonant frequency and conductance, we discover
that the related spectral feature of the quasi-1D modes in the
topological surface states is well reﬂected in the resonant fre-
quency shift, and that a more pronounced shift occurs as the
chemical potential approaches the Dirac point. Our results sug-
gest that the nanomechanical detection scheme presented here
could be generally applicable to a variety of materials with Dirac
electronic structures, and also that the technique could provide a
novel route to studying the physics of the mechanical motion of a
nanostructure coupled to its non-trivial electronic states.
Methods
Device fabrication. Single-crystalline Bi2Se3 nanowires are synthesized by chemical
vapor deposition using Au nanoparticles as a catalyst. A single Bi2Se3 nanowire is
transferred with a nano-manipulator to a SiO2/Si substrate with a trench having a
bottom-gate electrode. For trench fabrication, poly(methyl methacrylate) (PMMA)
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Fig. 2 Conductance oscillation as a function of magnetic ﬁeld and gate voltage. a Conductance oscillations as a function of magnetic ﬁeld at different gate
voltages after subtracting background conductance. The ΔG oscillations have a period of ΔB= 0.4 T as identiﬁed from the ﬁrst peak in the fast Fourier
transformation (FFT) spectrum (inset). ΔB corresponds to one ﬂux quantum (= ℎ/e) across the nanowire cross-section, conﬁrming AB oscillation. The
magneto-conductance oscillations show periodic alternations with respect to gate voltages, as expected from the Berry phase in the surface-state
Hamiltonian (Eq. (2)). Inset: FFT spectrum of ΔG vs. B at Vg=−22.8 V. Arrows indicate the peak position at period ΔB= 0.4 T. b ΔG as a function of gate
voltage Vg at two representative magnetic ﬂuxes. The red line is the half-integer ﬂux quantum (B= 0.6 T) and the black line is the integer ﬂux quantum
(B= 0.8 T). The period of the ΔG oscillations with respect to gate voltage is ΔVg ≈ 5.7 V. Inset: FFT spectrum of ΔG vs. Vg at B= 0.6 T. The peak is located
at period ΔVg= 5.7 V. c Total conductance G vs. gate voltage at zero magnetic ﬁeld. Inset: By comparing to another device with identical geometry
(Device 2), the Dirac point is expected to be at Vg0 ≈ −113 V
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resist is spin coated onto the SiO2/Si substrate and the trench area is patterned using
electron beam lithography followed by etching the 500 nm-thick-SiO2 layer with
buffered oxide etchant (BOE). The bottom-gate electrode is deposited at the bottom
of the trench with electron beam evaporation (5 nm Ti, 45 nm Au). After trans-
ferring the nanowire, a PMMA resist is spin coated onto the nanowire and baked at
180 °C for 2 min. Selected areas around the nanowire are patterned using electron
beam lithography and 20 nm/200 nm Ti/Au electrodes are deposited via AC-
sputtering. For metallic contacts to the nanowire, PMMA residue and the native
oxide layer on the nanowire surface is removed using a plasma asher and immersing
in BOE for 10 s before sputtering. A gate electrode is located d ~ 170 nm below the
suspended nanowire, and source and drain contacts are provided to compose a
ﬁeld-effect transistor geometry. The suspended nanowire has dimensions of width
105 nm, thickness 116 nm, and length 1.5 μm.
Measurements. The device is measured in a 3He/4He dilution refrigerator, and
typical measurements are performed at 50 mK. The gate electrode is biased with
DC voltage to change the chemical potential of the nanowire, with a sweeping
magnetic ﬁeld along the nanowire direction to modulate the ﬂux through the wire
cross-section. Electrical properties of the nanowire are examined by monitoring
electrical conductance as measured by comparing near-DC (~17 Hz) source-drain
current and voltage across the nanowire. The suspended Bi2Se3 nanowire behaves
as a mechanical resonator in response to external force27. To detect its fundamental
mode, RF voltage is applied to the gate in addition to DC, and the resulting RF
current due to gate-capacitance modulation is monitored (Fig. 1b)18,20. An
example of measured amplitude near one mechanical resonance is plotted in the
inset of Fig. 1c. The typical mechanical resonant frequency is about 115MHz, and
the quality factor is about 1.2 × 104.
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Fig. 3 AB oscillations in the mechanical resonant frequency of a TI nanowire. a Measured mechanical resonance shift Δf0 as a function of magnetic ﬁeld at
different gate voltages. The Δf0 oscillates with a period of ΔB= 0.4 T as identiﬁed from the ﬁrst peak in the FFT spectrum of Δf0 vs. B (inset), identical to the
period observed in conductance measurements. Inset: FFT spectrum of Δf0 vs. B at Vg=−26.6 V. Arrows indicate the peak position at period ΔB= 0.4 T.
bModel calculations of mechanical resonant frequency shift plotted as a function of chemical potential μ and magnetic ﬂuxΦ showing a change in oscillation
pattern. c, dMeasured (c) and calculated (d) resonant frequency shift as a function of gate voltages Vg and chemical potential μ, respectively, at half-integer
(orange) and integer (blue) ﬂux quanta. Inset in c: FFT spectrum of Δf0 vs. Vg at B= 0.6 T. The peak is located at period ΔVg= 5.7 V, identical to the period
observed in conductance measurements. e–h Calculated (red) and measured (black) resonant frequency shifts as a function of magnetic ﬂux at gate
voltages Vg=−31.8 V (e),−30.8 V (f), −29.2 V (g), and−28.0 V (h). Corresponding chemical potentials are 23.53, 23.82, 23.91, and 24.33, respectively, in
the units of Δ.
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Quasi-1D mode DOS. The density of states is computed by taking the imaginary
part of the retarded Green’s function,
ν Eð Þ ¼  1
π
Tr Im
1
E þ iη H
	 

;
¼
X1
l;n¼1
 1
π
Im
1
E þ iη εðn; k ¼ 2πL l;ΦÞ
	 

;
where the dispersion relation ε(n, k, Φ) in Eq. (3) is used. Index n indicates the
transverse modes, and l indicates the eigenmodes within the same transverse
mode. η is a measure of energy broadening caused by elastic scattering from
impurities and inelastic scattering from phonons and electron–electron inter-
action. Thus, it is not straightforward to evaluate scattering time a priori, as only
limited microscopic information on the TI nanowire is available. We ﬁnd that an
energy broadening of η= 0.20 Δ, where Δ is the level spacing between neigh-
boring transverse modes, explains our experimental data well, with a different
choice of η not affecting the qualitative behavior. Strictly speaking, the energy-
broadening η is an energy-dependent quantity as more scattering channels are
available at higher chemical potential. Nevertheless, since our measurement is
carried out within a small energy window (~2 Δ), we ignore changes in η.
Instead, for the calculation of resonant frequency shift we made an average over
μ0 as it pertains to larger energy uncertainty. For illustrative purposes, we set
2πR/L≪ 1 and η= 0.05 Δ in Fig. 1e–h, while we set 2πR/L= 1/3 and η= 0.20 Δ
in Fig. 3b and Supplementary Fig. 12c for a realistic description of the
experiment.
Lattice model conductance. Landauer–Buttiker formalism28 is employed to
compute conductance in the quasi-1D modes on the surface of a 3D lattice model
for TIs. According to Fisher and Lee29, DC conductance G of a ﬁnite system with
static disorder is related to its transmission matrix t by the following relation:
G ¼ e
2
h
Tr tyt
 
;
which is the sum of transmission eigenvalues. This expression is valid for any
number of scattering channels. The transmission coefﬁcient is then computed from
the Green’s function in real space representation by taking an element connecting
the location of the left lead to that of the right lead. For a memory efﬁcient
recursive Green’s function method, see the work by Conan30.
The lattice Hamiltonian31 employed is
H ¼ t
X
n;j¼1;2;3
ψynþe^j
Γ1  iΓjþ1
2
ψn þ h:c:
 
þ
X
n
ψyn mΓ
1
 
ψn
þ
X
n2surface
ψyn VnΓ
0
 
ψn;
where the gamma matrices are Γð1;2;3;4Þ ¼ ðI  sz ;σy  sx ; σx  sx ;I  suÞ,
where s and σ are Pauli matrices referring to orbital and spin space, respectively,
Γ0 is the identity matrix, and t= 1 and m= 1.8 are used. The ﬁrst term
constitutes nearest-neighbor hopping in the lattice, and the second term
provides a constant mass. The third term is onsite random potential with
uniform distribution, Vn 2 W;W½ . A disorder strength of W= 4.5 Δ is used
for Supplementary Fig. 12d (see Supplementary Note 1 for conductance maps at
other disorder strengths, W= 1.5 Δ, 3.0 Δ, and 6.0 Δ). The open boundary
condition is introduced in x-direction and z-direction with lattice size Nx=
Nz= 8, and the direction of current y^ is chosen without the loss of generality.
Impurities are introduced only on the open surface to minimize coupling to bulk
modes, as our interest is the transport in quasi-1D surface modes in the presence
of disorder. To match the ratio between the circumference and length of the TI
nanowire in experiment, we set the length of the disordered region Ny= 96 to be
connected to two semi-inﬁnite leads. Magnetic ﬂux Φ threading through the
nanowire is added in the lattice model by replacement hopping along the x-
direction as
ψynxþe^x ;ny ;nz Hxð Þψnx ;ny ;nz ! ψ
y
nxþe^x ;ny ;nz Hxe
i2πnz
NxNz
Φ
Φ0
 
ψnx ;ny ;nz ;
which introduces a uniform magnetic ﬁeld. Because boundary modes have ﬁnite
penetration depths into the bulk, AB oscillation periodicity is larger than Φ=
Φ0, while periodicity is also dependent on energy as eigenmodes near the bulk
band are more delocalized than on the open surface.
Data availability
The data that support the ﬁndings of this study are available from the corresponding
author upon reasonable request.
Received: 17 February 2019; Accepted: 18 September 2019;
References
1. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in
graphene. Nature 438, 197–200 (2005).
2. Hsieh, D. et al. A topological Dirac insulator in a quantum spin Hall phase.
Nature 452, 970–974 (2008).
3. Geim, A. K. Graphene: status and prospects. Science 324, 1530–1534 (2009).
4. Moore, J. E. The birth of topological insulators. Nature 464, 194–198 (2010).
5. Hasan, M. Z. & Kane, C. L. Colloquium: topological insulators. Rev. Mod.
Phys. 82, 3045–3067 (2010).
6. Qi, X. L. & Zhang, S. C. Topological insulators and superconductors. Rev.
Mod. Phys. 83, 1057 (2011).
7. Fu, L., Kane, C. L. & Mele, E. J. Topological insulators in three dimensions.
Phys. Rev. Lett. 98, 106803 (2007).
8. Chen, Y. L. et al. Experimental realization of a three-dimensional topological
insulator, Bi2Te3. Science 325, 178–181 (2009).
9. Xia, Y. et al. Observation of a large-gap topological-insulator class with a
single Dirac cone on the surface. Nat. Phys. 5, 398–402 (2009).
10. Taskin, A. A. & Ando, Y. Quantum oscillations in a topological insulator
Bi1-xSbx. Phys. Rev. B 80, 085303 (2009).
11. Analytis, J. G. et al. Bulk Fermi surface coexistence with Dirac surface state in
Bi2Se3: a comparison of photoemission and Shubnikov-de Haas
measurements. Phys. Rev. B 81, 205407 (2010).
12. Bardarson, J. H., Brouwer, P. W. & Moore, J. E. Aharonov-Bohm
oscillations in disordered topological insulator nanowires. Phys. Rev. Lett.
105, 156803 (2010).
13. Peng, H. et al. Aharonov-Bohm interference in topological insulator
nanoribbons. Nat. Mater. 9, 225–229 (2010).
14. Xiu, F. et al. Manipulating surface states in topological insulator nanoribbons.
Nat. Nanotechnol. 6, 216–221 (2011).
15. Jauregui, L. A., Pettes, M. T., Rokhinson, L. P., Shi, L. & Chen, Y. P. Magnetic
ﬁeld-induced helical mode and topological transitions in a topological
insulator nanoribbon. Nat. Nanotechnol. 11, 345–351 (2016).
16. Luryi, S. Quantum capacitance devices. Appl. Phys. Lett. 52, 501–503 (1988).
17. Lassagne, B., Tarakanov, Y., Kinaret, J., David, G. S. & Bachtold, A. Coupling
mechanics to charge transport in carbon nanotube mechanical resonators.
Science 325, 1107–1110 (2009).
18. Chen, C. et al. Modulation of mechanical resonance by chemical potential
oscillation in graphene. Nat. Phys. 12, 240–244 (2016).
19. Khivrich, I., Clerk, A. A. & Ilani, S. Nanomechanical pump–probe
measurements of insulating electronic states in a carbon nanotube. Nat.
Nanotechnol. 14, 161 (2019).
20. Truitt, P. A., Hertzberg, J. B., Huang, C. C., Ekinci, K. L. & Schwab, K. C.
Efﬁcient and sensitive capacitive readout of nanomechanical resonator arrays.
Nano Lett. 7, 120–126 (2007).
21. Hüttel, A. K. et al. Carbon nanotubes as ultrahigh quality factor mechanical
resonators. Nano Lett. 9, 2547–2552 (2009).
22. Eichler, A. et al. Nonlinear damping in mechanical resonators made from
carbon nanotubes and graphene. Nat. Nanotechnol. 6, 339–342 (2011).
23. Zhang, H. et al. Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3 with a
single Dirac cone on the surface. Nat. Phys. 5, 438–442 (2009).
24. Kozinsky, I., Postma, H. W. C., Bargatin, I. & Roukes, M. L. Tuning
nonlinearity, dynamic range, and frequency of nanomechanical resonators.
Appl. Phys. Lett. 88, 253101 (2006).
25. Hong, S. S., Zhang, Y., Cha, J. J., Qi, X. L. & Cui, Y. One-dimensional helical
transport in topological insulator nanowire interferometers. Nano Lett. 14,
2815–2821 (2014).
26. Hikami, S., Larkin, A. I. & Nagaoka, Y. Spin-orbit interaction and
magnetoresistance in the two dimensional random system. Prog. Theor. Phys.
63, 707–710 (1980).
27. Sapmaz, S., Blanter, Y. M., Gurevich, L. & van der Zant, H. S. J. Carbon
nanotubes as nanoelectromechanical systems. Phys. Rev. B 67, 235414 (2003).
28. Büttiker, M. Absence of backscattering in the quantum Hall effect in
multiprobe conductors. Phys. Rev. B 38, 9375 (1988).
29. Fisher, D. S. & Lee, P. A. Relation between conductivity and transmission
matrix. Phys. Rev. B 23, 6851 (1981).
30. Weeks, W. C. A Study of Topological Insulators in Two and Three Dimensions.
(University of British Columbia, 2012).
31. Schubert, G., Fehske, H., Fritz, L. & Vojta, M. Fate of topological-insulator
surface states under strong disorder. Phys. Rev. B 85, 201105 (2012).
Acknowledgements
This work was supported by the Basic Science Research Program through National
Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT
(2016R1C1B2014713, 2016R1A5A1008184), and Korea Research Institute of Standards
and Science (KRISS-2018-GP2018-0017). K.W.K. acknowledges ﬁnancial support from
Institute for Basic Science (IBS-R024-D1).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12560-4
6 NATURE COMMUNICATIONS |         (2019) 10:4522 | https://doi.org/10.1038/s41467-019-12560-4 | www.nature.com/naturecommunications
Author contributions
M.K, J.K., and J.S. conceived the experiments. M.K. and J.K. fabricated the devices and
performed the experiments. Y.H., D.Y., Y.-J.D., and B.K. helped in sample fabrication
and characterization. K.W.K. performed theoretical modeling. M.K., K.W.K., and J.S.
analyzed the data and prepared the paper. J.S. supervised the project. All the authors
contributed to the discussions and paper preparation.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12560-4.
Correspondence and requests for materials should be addressed to K.W.K. or J.S.
Peer review information Nature Communications thanks Adrian Bachtold and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12560-4 ARTICLE
NATURE COMMUNICATIONS |         (2019) 10:4522 | https://doi.org/10.1038/s41467-019-12560-4 | www.nature.com/naturecommunications 7
